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A study was undertaken in the NASA Lang-
ley 14- by 22-Foot Subsonic Tunnel to determine
the low-speed aerodynamic characteristics of a pow-
ered, generic hypersonic configuration in and out of
ground effect. The model was a simplified config-
uration consisting of a triangular-wedge forebody, a
rectangular midsection that housed the flow-through,
ejector-type propulsion simulation system, and a
rectangnlar-wedge afterbody. Additional model com-
ponents included a delta wing, a rectangular-wedge
forebody, inlet fences, exhaust flow deflectors, and
afterbody fences. Aerodynamic force and moment
data were obtained over an angle-of-attack range
from -4 ° to 18 ° while the model height above the
tunnel floor was varied from 1/t in. to 6 ft. Vari-
ations in free-stream dynamic pressure, from 10 to
80 psf, and in engine ejector pressure yielded a range
of thrust coefficients from 0 to 0.8.
Flow visualization studies were conducted in
which water was injected into the engine simulator
inlets and a laser light sheet was used to illuminate
the resulting exhaust flow. In addition, surface oil
flow visualization studies were used to determine the
flow conditions on the forebody in the vicinity of the
engine inlets. These techniques allowed diagnostic
analysis of the undersurface forebody and exhaust
flows and aided in interpreting the force and moment
data.
Constraining the engine simulator flow field (both
inlet and exhaust flows) between the large under-
surface of the configuration and the tunnel floor pro-
duced significant power-on ground effects. Where
lift increased with decreasing ground height during
power-off testing, significant lift losses were noted
in ground effect as thrust was increased. Variations
in angle of attack as well as the presence of after-
body fences also had a substantial influence on the
ground effects during power-on testing. A control
surface on the undersurface of the afterbody could
effectively deflect the exhaust flow for longitudinal
control, and inlet fences eliminated the spanwise flow
in the vicinity of the inlet plane. Further results in-
dicated that adding a wing to the configuration re-
duced, but did not eliminate, the power-on lift losses
in ground effect. Both afterbody flap and wing flap
deflections were influenced by power and were sensi-
tive to ground effects.
Introduction
Renewed interest in hypersonic flight has devel-
oped with the current undertaking of the National
Aero-Space Plane (NASP) Program. Particular
emphasis has been placed on a single-stage-to-orbit
vehicle with the ability to take off and land hor-
izontally. Hypersonic flight requires long, slender
configurations in which the propulsion system is a
significant component that must be effectively inte-
grated into the entire length of the vehicle (ref. 1).
Thus the propulsion system will play a significant
roll in the aerodynamics and performance of the ve-
hicle throughout the flight regime. A substantial in-
let flow as well as an extensive exhaust flow will be
present on the undersurface of this type of config-
uration, thereby presenting the possibility for sub-
stantial ground effects during takeoff and landing op-
erations. Since little is currently known about the
low-speed aerodynamics of such configurations in the
takeoff and landing regime, efforts are now underway
to develop the data needed for the design of these ad-
vanced vehicles (ref. 2).
This paper presents highlights of two investi-
gations conducted in the NASA Langley 14- by
22-Foot Subsonic Tunnel to study the ground ef-
fects on the low-speed aerodynamics of a hypersonic
NASP-like configuration. The configuration con-
sisted of a simplified fuselage with a flow-through,
ejector-type propulsion simulation system. The fore-
body had a triangular planform with a wedge pro-
file, the midsection was rectangular and housed the
propulsion simulation system, and the afterbody had
a rectangular planform with a wedge profile. The
first investigation, also presented in reference 3, fo-
cused on basic concerns such as the effects of vari-
ations in thrust coefficient and angle of attack on
overall configuration aerodynamics as the model was
lowered into ground effect. In addition, some prelim-
inary attempts were made to separate or deflect the
exhaust flow away from the afterbody as a means
of longitudinal control. The second investigation
was developed from the results of the first investiga-
tion, but it was more detailed in that several geo-
metric variations were studied. These included a
rectangular-planform forebody, inlet fences, a faired
inlet, a 70 ° delta wing (tested in two positions),
and several exhaust-flow deflectors larger than those
tested in the initial investigation.
In general, the investigations covered an angle-
of-attack range from -4 ° to 18°, a dynamic pressure
range from 10 to 80 psf, a thrust coefficient range
from 0 to 0.8, and a model height range from 1/4in.
to 6 ft above the wind-tunnel floor. The majority
of the tests were conducted at Reynolds numbers
from 1.0 × 106 to 1.2 × 106 per foot. Data obtained
included six-component forces and moments as well
as surface flow and flow field visualization.
Symbols
All measurementsarepresentedinU.S.Custom-
ary Units. All datahavebeenreducedto standard
coefficientform,andlongitudinaldataarepresented
in the stability axis system. The terms in parenthe-
ses are the symbols used in computer-generated data
tables.
b body span, ft
C D (CO) drag coefficient, q_
CL (CL) lift coefficient, Lift
Cm (CM) pitching-moment coeffi-
cient, Pitching momentq_S_
CT (CT) thrust Coefficient
Static thrust
q_S
mean geometric chord of
body, ft
h/b (H/B) ratio of model height
above tunnel floor to
body span
qcc (Q) free-stream dynamic
1 2
pressure, 2pV_, psf




_b (W) exit weight flow rate from
engine simulation system,
lb/sec


















The study of a generic hypersonic vehicle was
conducted in two separate wind-tunnel entries. The
model configurations and components for both en-
tries will be described in this section. The baseline
configuration, used in both investigations, consisted
of a 9.4-ft-long by 2-ft-wide fuselage with rectangular
cross sections and an engine simulation system con-
sisting of eight engine units. A sketch of the model
is shown in figure i, and a photograph of the model
mounted in the test section of the Langley 14- by
22:Foot Subsonic Tunnel ls presented in figure 2. A
list of pertinent model dimensions is presented in ta-
ble I. The fully metric model was sting mounted on
an internal, six-component strain-gauge balance with
the Suppbrt system entering the top of the model at
a 37.5 ° angle relative to the model centerline. A bal-
ance fairing Was implemented in this area to cover
the top end of the balance and to provide a smooth
free-stream flow over the upper surface of the after-
body: The forebody consisted of a wedge with a 10 °
undersurface ramp angle and had a triangular plan-
form. The afterbody consisted of a wedge with a
14 ° undersurface ramp angle and had a rectangular
p!anform. The midsection of the model housed the
balance and two plenums for the high-pressure air-
propulsion simulation system.
The propulsion simulation system consisted of
eight flow-through engine units as sketched in fig-
ure 3. Each unit had a converging inlet duct, two
high-pressure air injection tubes, and a diverging
exhaust duct. This design not only entrained flow
into the inlet but also mixed this inlet flow with the
high-pressure ejector flow to provide exhaust flow for
complete simulation of low-speed engine operations.
High-pressure air was suppiied to the model through
a standard NASA air sting that contained a coiled
air line to minimize interference effects between the
high-pressure air line and the force balance. Details
of the air sting are provided in reference 4.
First Investigation
In the first investigation, several add-on model
components were tested in order to determine their
effects on the longitudinal aerodynamics. These
included exhaust flow deflectors, afterbody fences,
and a 79 ° delta wing. Four different exhaust flow
deflectors were tested to determine their suitability as
a means of longitudinal control, and a sketch of each
one is presented in figure 4. Three of the exhaust
flow deflectors, which are referred to as "strips,"
were simply flat surfaces positioned perpendicular
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to the afterbodylowersurfaceand located4 in.
downstreamfrom the exhaustnozzles.The three
differentheightstestedfor thesestripswere0.375,1,
and3 in. The0.375-in.strip hasa slightlydifferent
profile,asshownin figure4, becauseof a different
methodof attachment. The fourth exhaustflow
deflectortestedwasa30° wedgestrip thatwas2.5in.
longand1.5in.high.It waslocatedontheafterbody
right at thepositionof thenozzleexhaust.Eachof
theexhaustflowdeflectorspannedtheentirewidth
of theenginesimulationsystem.
A sketchof theafterbodyfencesthat weretested




extendedall the way to the trailing edgeof the
afterbody. Theseafterbodyfencesweretestedin
bothwind-tunnelentries.
A sketchof the 79° deltawingthat wastested
on the configurationis presentedin figure6. The
79° deltawingconsistedof a0.25-in-thickflat plate
mountedon the top of the fuselage.It had a 30°
beveledleadingedgeandincreasedthemodelplan-
form referenceareaby 35percentoverthe baseline
configuration.
Second Investigation
In the second investigation, the scope of the re-
search was expanded and several additional model
components were fabricated and tested based on re-
sults obtained from the first investigation. Some of
these new components included a rectangular plan-
form forebody, inlet fences, and a faired-over inlet in
which a flat plate covered the inlet plane to eliminate
all inlet flow into the engine simulation system. A
sketch of the configuration tested with both the rect-
angular forebody and the inlet fences is presented in
figure 7. The rectangular forebody maintained the
10 ° angle on the undersurface while also maintain-
ing a 2-ft span along its entire length. Inlet fences,
which were tested only on the rectangular forebody,
were 1.5 in. tall, 32 in. long, and mounted flush with
the outboard edges of the engine simulation system.
Another configuration consisting of a 70 ° delta
wing, wing flaps, and an afterbody flap was also
tested in the second investigation. The 70 ° delta
wing had a 30 ° beveled leading edge and was tested in
a forward and an aft position as illustrated in figure 8.
The exposed wing area was 28 percent smaller, and
both test positions were located farther aft on the
configuration than the 79 ° delta wing tested in the
first investigation. The wing flaps had a 6-in. chord
and spanned the entire trailing edge of the wing. The
afterbody flap also had a 6-in. chord and spanned the
entire width of the afterbody. The wing and flaps
were all flat plates that were V4 in. thick.
The final set of configurations tested during the
second wind-tunnel entry consisted of various ex-
haust flow deflectors mounted on the baseline con-
figuration. These exhaust flow deflectors were wedge
blocks that were much larger than the wedge strip
tested in the first investigation. A sketch of these
wedge-block exhaust flow deflectors is provided in
figure 9. The new wedge blocks were 6 in. long and
spanned the width of the engine simulation system.
Wedge-block angles of 14 °, 30 °, and 45 ° were tested
in a forward and an aft position as illustrated in the
sketch in figure 9. Some data were also obtained with
the 45 ° wedge block in the aft position in combina-
tion with the afterbody fences, as is also illustrated
in figure 9.
Test Conditions and Techniques
Wind-Tunnel Description
The investigations were conducted in the NASA
Langley 14- by 22-Foot Subsonic Tunnel. This fa-
cility is a closed-circuit, single-return, atmospheric
wind tunnel capable of producing a maximum test
section speed of 200 knots. A floor boundary-layer
removal system is located at the entrance to the test
section and is used for ground effects testing. Addi-
tional tunnel capabilities and a complete description
of the facility are presented in reference 4.
Test Conditions
In the present investigations, testing was con-
ducted at model heights above the tunnel floor from
1/4in. to 6 ft. The ground-height reference point on
the model used to set the various heights was the
lower trailing edge of the engine simulation system
as identified in figure 1. Additional test parameters
were thrust coefficients from 0 to 0.8, angles of attack
from -4 ° to 18 ° , and free-stream dynamic pressures
from 10 to 80 psf. An angle of attack of 12° was cho-
sen as a value representative of takeoff and approach
conditions, and thus was used for the majority of the
ground effects data obtained. The moment reference
center of the configuration was located 6 in. above
the bottom of the model and at a distance back from
the nose equal to 62 percent of the overall length of
the baseline model (see fig. 1) for all configurations
tested in both investigations.
The majority of the testing was conducted at free-
stream dynamic pressures from 30 to 40 psf that
correspond to Reynolds numbers from 1.0 x 106 to
1.2 x 106 per foot. At these dynamic pressures a
thrustcoefficientof0.4wasachievedusingthemax-








Prior to the investigationa constanthigh-
pressureair supplywasappliedto the model,and
individualneedlevalveson thesupplytube to each
engineunit wereadjustedto yield the samemass
flowfor eachengineunit. Thisprovideda uniform
exhaustflowacrossthespanoftheenginesimulation
system.
The forcesand momentson the configuration
were measuredwith an internal six-component,
strain-gaugebalance.Eventhoughall six forceand
momentcomponentsweremeasured,only the lon-






CT. This was appropriate for configuration Compar-
isons as long as there were no changes to the reference
area S, since CT is a function of S.
In the second investigation, the configurations
had different reference areas, such as the rectangular-
wedge forebody and delta wing configurations; thus
CT would not be an appropriate parameter to match
when comparing these configurations. A more ap-
propriate correlation parameter in this case would be
the exit weight flow rate exhausting from the engine
simulation system _b. This exit weight" flow rate was
calculated by adding the inlet flow rate and the high-
pressure air ejector flow rate. The inlet flow rate was
measured during the second investigation by pitot
static probes mounted in the efigine inlets. It should
be noted that for the baseline configuration, an en-
gine weight flow rate of 9 lb/sec was equivalent to a
thrust coefficient of 0.4.
Flow visualization studies were conducted in both
investigations. Separate techniques were used to vi-
sualize the flow on the model surface and in the
flow field near the model. The surface flow visual-
ization was obtained using a mixture of mineral oil,
oleic acid, and titanium dioxide applied with a paint
brush. This mixture was applied to the undersurface
of the forebody to visualize the flow conditions in the
vicinity of the engine inlets. The following procedure
was used: the mixture was applied to the model sur-
face, the model attitude and test conditions were held
constant while the flow pattern was established, the
tunnel was quickly brought to zero velocity, and then
photographs were taken.
A water injection technique was used to visualize
the location and behavior of the exhaust flow in the
vicinity of the model. This was done by injecting
water into each of the eight engine inlets such that
the water would mix with the inlet flow and the
high-pressure air exhaust flow. The mixture of water
and air produced a dense water spray mist in the
exhaust flow that was then clearly illuminated using
a horizontal laser light sheet positioned parallel to
the floor as illustrated in figure 10. The photographs
presented using this technique show more detail on
the right side of the model since the laser light sheet is
being directed at the exhaust flow from that direction
and its intensity has not yet been diminished by the
density of the water mist as is the case on the left
side of the model.
Presentation of Results
The results of both investigations are presented as
follows. Test configurations are listed in table II, and
the measured longitudinal force and moment data for
all configurations are presented in coefficient form
in table III. Graphical representations of the data
presented as comparisons between specific configura-
tions, along with flow visualization results, are pre-
sented in the following figures:
Figure
Baseline aerodynamics:
Exhaust flow visualization in ground
effect ................ 10
Effects of variation in thrust
coefficient .............. 11
Effects of variation in angle of attack 12
Inlet flow conditions:
Evidence of spanwise component of
inlet flow ' 13
FloW visualization illustrating ground
effects on inlet flow .......... 14
Flow visualization illustrating effects of
inlet fences on inlet flow ........ 15
Effects of rectangular forebody ...... 16
Effects of inlet fences .......... 17
Flow visualization illustrating effects of
faired inlet ............. 18
Effects of faired inlet .......... 19
Afterbody modifications:























This study was undertaken to determine the
low-speed aerodynamic characteristics of a powered,
generic hypersonic configuration in ground effect.
The substantial inlet flow as well as the extensive ex-
haust flow present on the undersurface of this type of
configuration led to a concern of substantial ground
effects during takeoff and landing operations. The lo-
cation and behavior of the exhaust flow was of prime
importance in determining the ground effects; there-
fore exhaust flow visualization was conducted to gain
further insight into this area. A flow visualization
photograph is presented in figure 10 in which a laser
light sheet was used to illuminate a water spray mist
in the exhaust flow as explained earlier. The test
conditions in the photograph were representative of
takeoff and approach conditions. The photograph il-
lustrates the significant region under the model influ-
enced by the exhaust flow and highlights the concern
that ground effects could be severe for hypersonic
configurations.
In order to investigate the low-speed aerodynamic
characteristics in ground effect, force and moment
data were obtained at the representative takeoff and
approach angle of attack of 12 ° (2 ° less than the
nozzle expansion angle) for values of thrust coeffi-
cient ranging from 0 to 0.8. Most of this phase of
the investigation was conducted at a free-stream dy-
namic pressure of 40 psf; however this limited the
thrust coefficient to a maximum value of 0.4. Values
of thrust coefficient greater than 0.4 were obtained
by testing at free-stream dynamic pressures below
40 psf. Longitudinal aerodynamic data as a function
of nondimensional model height (the ratio of model
height above tunnel floor to body span) are presented
for various power settings ranging from power off
(CT = 0) up to a thrust coefficient of 0.8 in figure 11.
These data indicate conventional ground effects for
the power-off condition as illustrated by increased lift
with decreasing model height above the floor. How-
ever, this trend reversed as thrust was increased, and
significant lift losses developed as the model was low-
ered into ground effect. Slight increases in both CD
and Cm were noted for both power-off and power-
on conditions as the model was lowered into ground
effect. All these effects were most apparent as the
model was lowered below a height-to-body span ra-
tio h/b of 0.5. A representative wheel touchdown
height for this configuration would be at an h/b of
approximately 0.08 (as denoted by the dashed lines
in fig. 11). Thus, the observed ground effects would
be within the operating range of the vehicle for take-
off and landing conditions.
Further investigations were conducted to deter-
mine how ground effects vary with angle of attack.
Power-on (CT = 0.4) longitudinal aerodynamic data,
as the model was lowered into ground effect, are pre-
sented for angles of attack ranging from 8° to 14 °
in figure 12. At the angles of attack of 8°, 10 °, and
12 °, lift decreases at a rapidly increasing rate as the
model is lowered below an h/b of 1.0. This is not the
case for the angles of attack of 13° and 14 °. As h/b
is reduced down to a value of 0.05 for a = 13 °, the
lift-loss trend is the same as that for the lower angles
of attack; however at very low ground heights such
as h/b < 0.05, there is a rapid lift increase. As h/b is
reduced for a = 14 °, lift remains essentially constant
until the very low ground heights are reached where
there is again a rapid lift increase.
These power-on ground effects data show a very
significant sensitivity to variations in angle of attack.
More specifically, however, the adverse lift loss at the
lower angles of attack in ground effect is removed and
lift increases are observed as the angle of attack is
increased to the order of the afterbody ramp angle.
Thus, the rotation angle for takeoff and the angle
of attack for approach may well be areas requiring
careful consideration to avoid undesirable ground
effects.
Inlet Flow Conditions
A smooth undisturbed inlet flow is critical to
the performance of any airbreathing propulsion sys-
tem. This condition, however, was not the case on
the outboard engines as identified in the photograph
presented in figure 13. This photograph is a close-
up view of the engine inlets on the midsection of
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the modelwith theforebodyremoved,andit shows
streaksalong the outboardside of the outboard
engine-inletsplitterplatesresultingfromresiduein
the free-streamflow that accumulatedthroughout
the durationof the first wind-tunnelinvestigation.
Thesestreaksidentifyareasofvortexflow,andthere-
foretheyrevealregionswith a spanwisecomponent





studieswereconductedon the undersurfaceof the
forebodyin the secondinvestigation. Testswere
performedto illustratethe effectsof variationsin
groundheightandangleof attackon the forebody
flowconditionsin the vicinity of the engineinlets.
Threepower-ontestconditionsarerepresentedin the
photographsin figure14to illustratetheseeffects.
Thefirst photograph(fig. 14(a))revealsa spanwise
flow on the forebodyundersurfacethat increases
with outboardspanwiselocationoftheengineinlets.
Thus,with themodeloutofgroundeffectat a = 12°,
thereissomeapparentspanwiseflowin theregionof
theoutboardengineinlets. Thesecondphotograph
(fig. 14(b))wastakenat the sameconditions,but
with the modelin groundeffect. This photograph
indicatesanincreasedamountofspanwiseflowonthe
forebody,particularlyneartheoutboardinlets.The
third photograph(fig. 14(e))documentsthe lower-
surfaceforebodyflow fieldfor the configurationin
groundeffectat (_= -3.5 °, and it shows essentially
no spanwise flow at the outboard inlets. Therefore,
it appears that the greatest amount of spanwise flow
on the forebody, under simulated powered conditions,
occurs at positive angles of attack in ground effect.
A spanwise component of flow along the inlet
plane of the outboard engines is certainly an unde-
sirable inlet flow condition that will need to be ad-
dressed across the speed range for this class of vehi-
cles. Since much of the spanwise flow was shown in
figure 14 to occur near the outboard inlets, an at-
tempt was made to minimize this spanwise flow by
testing a set of inlet fences as illustrated in figure 7.
Because of model constraints, the inlet fences could
be tested only on the rectangular forebody; however
similar effectiveness would be expected if the inlet
fences were employed on the baseline configuration
since the forebody flow fields appear to be identical
in the vicinity of the inlet plane. (Compare figs. 14(b)
and 15(a).) Surface oil flow visualization results il-
lustrating the effectiveness of the inlet fences are pre-
sented in figure 15. The test conditions presented are
for the configuration in ground effect at (_ = 12° with
power on. The inlet flow visualization on the rectan-
gular forebody without inlet fences is similar to that
of the baseline configuration in that there is a signif-
icant amount of spanwise flow on the forebody. The
configuration with the inlet fences, however, has a
redirected forebody flow field in which the spanwise
flow at the outboard inlets is completely eliminated.
Thus, inlet fences effectively prevent spanwise flow on
the forebody at the inlet plane at an angle of attack
of 12 ° in ground effect.
Longitudinal aerodynamic data we/"e obtained for
the configuration with the rectangular forebody and
are compared with the data for the baseline config-
uration in figure 16. Data are presented for both
power-on (_b = 9 lb/sec) and power-off conditions as
a function of nondimensional ground height. (Recall
that forkhe baseline configuration, w = 9 lb/sec is
equivalent to CT = 0.4.) These data are presented
at a representative takeoff and approach angle of
attack of 12 ° . The baseline configuration demon-
strated conventional ground effects for the power-
off condition as illustrated by increased lift with de-
creasing model height above the floor. However, this
trend was reversed for the power-on condition previ-
ously illustrated in figure 11, and significant lift losses
developed as the model was lowered into ground ef-
fect. The rectangular forebody configuration pro-
duced more lift than the baseline configuration un-
der all conditions and reduced the magnitude of the
power-on lift loss in ground effect. Slight increases in
both C D and Cm were noted for both configurations
as the model was lowered into ground effect.
Longitudinal aerodynamic data for the rectan-
gular forebody configuration with and without inlet
fences are presented at an angle of attack of 12 ° in
figure 17. These data show a lift loss and a corre-
sponding increment in nose-down pitching moment
when the inlet fences are added to the configura-
tion during power-off conditions. When the power-on
conditions are compared, the inlet fences create a lift
loss in ground effect and, again, a corresponding in-
crement in nose-down pitching moment. However,
the inlet fences appear to have very little effect on
drag during both power-off and power-on conditions.
Thus, the rectangular-wedge forebody acts to reduce
the significant power-on lift loss that is present with
the baseline configuration, and the addition of inlet
fences, in general,, creates a lift-loss increment at the
takeoff and approach angle of attack of 12 ° .
A further investigation of inlet flow conditions
was conducted in which a faired-over inlet was tested
to see how accurately it compared with the baseline
flow-through inlet. The faired inlet was produced by
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simply securing a flat plate over the inlet plane such
that there would be no inlet flow. Forebody surface
oil flow patterns are presented for both the baseline
configuration and the faired-inlet configuration in
figure 18. Both of the flow patterns were generated
with the configuration at a -- 12 °, the model at
the approximate wheel touchdown height (h/b =
0.08), and the engine weight flow rate _b set at
5 lb/sec. Engine weight flow rate was used as a
correlating parameter because it was felt to be a
more appropriate parameter to match in an inlet
flow comparison than the thrust coefficient. A weight
flow rate of 5 lb/sec was chosen since that was the
maximum exhaust flow rate that could be produced
with the inlet faired.
The flow visualization photograph for the flow-
through inlet in figure 18(a) shows a component of
spanwise flow on the forebody that increases with
outboard location just as was identified in the previ-
ous oil flow photographs with a -- 12 °. When com-
pared with the faired inlet, the same general trend
is observed; however the flow is turned more and
the spanwise flow is much greater. The faired in-
let clearly distorts the true inlet flow and causes
greatly increased spanwise flow on the forebody at
the engine-inlet plane.
To more thoroughly investigate the effects of a
faired inlet, longitudinal data were obtained for both
power-on and power-off conditions over an angle-of-
attack range from -3.5 ° to 12 ° . These data were ob-
tained at the approximate wheel touchdown height
(h/b = 0.08) and are presented for comparison with
baseline data in figure 19. Several differences were
noted when comparing longitudinal data on the flow-
through inlet configuration to the faired-inlet con-
figuration. First, as would be expected, the faired
inlet increased the drag over the flow-through in-
let in the power-off condition. When comparing the
lift coefficient data, there was very little difference
between the power-off and the power-on condition
for the faired inlet, whereas there was a substantial
difference for the flow-through inlet. The largest dif-
ference in lift coefficient between the two configu-
rations occurred for the power-on condition at neg-
ative angles of attack. In addition, at these same
conditions, the largest difference in pitching moment
was noted. This reveals that the high-velocity, low-
pressure inlet flow associated with the flow-through
inlet configuration cannot be adequately simulated
by the faired inlet. This would, in turn, support the
differences previously noted in the forebody surface
oil flow patterns.
Afterbody Modifications
In addition to forebody inlet flow studies, exhaust
flow conditions were also investigated. The dom-
inant influence of the exhaust flow led to tests of
various add-on components in the afterbody region
of the configuration to determine both their funda-
mental effects on the longitudinal aerodynamics as
well as their suitability as control devices. One area
of concern was the possible power-on ground effects
that may develop on a configuration with afterbody
fences. The afterbody fences, as illustrated in fig-
ure 5, were mounted flush with the sides of the engine
simulation system and extended the entire length of
the afterbody. They were tested with the model at
c_ = 12°, both in and out of ground effect, and over
a thrust coefficient range from 0 to 0.7.
Longitudinal aerodynamic data for the configu-
ration with afterbody fences are presented together
with the baseline data for comparison in figure 20.
When the configurations are compared out of ground
effect, there is little difference except for a slight loss
in propulsion-system efficiency for the configuration
with afterbody fences as indicated by the increase
in drag. However, when the configurations are com-
pared in ground effect (for h/b < 0.2), there is a much
greater lift loss for the afterbody-fences configuration
than for the baseline configuration. This, in turn,
produces an increment in nose-up pitching moment.
The afterbody fences confine all the exhaust flow to
the region directly below the afterbody, and at very
low ground heights the fences reduce the amount of
free-stream flow that is entrained spanwise into the
exhaust flow. (This is supported in the upcoming
flow visualization discussion.) The afterbody fences
induce a higher streamwise free-stream flow entrain-
ment under the engine simulation system which, in
turn, produces low pressures on the bottom surface
of the engine pack. These low pressures produce the
high lift losses noted in ground effect.
The configuration with afterbody fences was also
compared with the baseline configuration in ground
effect as thrust coefficient was varied. Longitudinal
aerodynamic data for this comparison are presented
in figure 21. These data were obtained with the
model in ground effect at 2 in. above the ground
(h/b = 0.08) and at an angle of attack of 12 °. As
thrust coefficient was increased from power off to a
value of 0.1, there was little difference between the
two configurations; however as thrust coefficient was
increased beyond 0.1, lift losses increased at a greater
rate for the configuration with afterbody fences on.
As noted before, the afterbody fences prohibit a
lateral mixing of the exhaust flow with the free
stream, thereby producing a higher velocity, lower
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pressureflow beneaththe model. The additional
















caseon the left sideof the model.This flowvisu-
alizationsupportsthediscussionof the longitudinal
datapresentedin figures20and21.
Becauseof the extensive xhaustflow, exhaust
flowdeflectorswereinvestigatedasameansof longi-
tudinal control. In the first investigation,fourdif-
ferentexhaustflow deflectors,as identifiedin the
sketchespresentedin figure4, weretestedto deter-











Two additional exhaust flow deflectors,the





with thebaselineconfiguration,it isevidenthat the
30° wedgestrip hadonlya minoreffectonredirect-
ingthe exhaustflow. However,whenthe 3-in-strip
configurationis comparedwith thebaselineconfigu-
ration,a significantdifferencein all the longitudinal
datais noted.This is not surprisingsincethe3-in.
strip exceedsthe2.2-in.heightof theenginesimula-
tionsystem.Observationoftheexhaustflowshowed
that the3-in.stripwassolargethat it notonlysep-
aratedthe exhaustflow from the afterbodybut it
alsodirectedtheflowdown,directlyawayfromthe
model. Therefore,the 3-in.strip wasoversizedfor
its intendedpurposeof separatingtheexhaustflow
fromtheafterbody.
Sincethe 0.375-and 1-in.stripshad essentially
no effecton the exhaustflow and the 30° wedge
strip hada minoreffecton theexhaustflow,it was
evidenthat substantialflowdeflectors,with respect








The wedge-blockanglestestedwere14°, 30°, and






the wedgesin the forwardpositionjust aft of the
enginesimulationsystem,as illustratedin figure9.
A comparisonof the 14° wedge-blockconfiguration
with the baselineconfigurationshowsthat the 14°
wedgehaslittle effectonlift orpitchingmomentand
a minimaleffectondrag. However,the 30° wedge
blockproducesa significantlift increasein ground
effectandanincrementin nose-upitchingmoment
outofgroundeffect.The45° wedgeblockproducesa
lift increaseovertheentirerangeofh/b tested, and it
also produces a similar increment in nose-up pitching
moment out of ground effect as did the 30 ° wedge. As
expected, an increase in wedge-block angle produces
an increase in drag because the resultant thrust vec-
tor is deflected from the free'stream direction. Thus,
with the use of a large Control surface the exhaust
flow can effectively be deflected for longitudinal con-
trol; however this technique is sensitive to ground
effects.
To obtain better insight into the effectiveness of
the larger wedges, exhaust flow visualization studies
were again conducted. The exhaust fl0w visualiza-
tion photographs presented in figure 25 illustrate the
effects of the 45 ° Wedge block in the forward position
on the afterbody. The flow visualization was gener-
ated by the water injection technique in combination
with the laser light sheet as explained earlier. In the
side-view photograph the configuration is essentially
out of ground effect, and thus it clearly shows the
45 ° deflection of the exhaust flow. This explains the
increase in lift and nose-up pitching moment that




photograph the configuration is fully in ground ef-
fect. This illustrates how a significant portion of
the exhaust flow is forced to flow outboard around
the wedge in the spanwise direction. This is again
most evident on the right side of the model. This
spanwise flow is extensive in ground effect and is not
present in the side-view photograph for the model
out of ground effect. The top view illustrates that in
ground effect the deflected exhaust flow is confined
between the wedge block and the floor, thereby pro-
ducing a high-pressure region under the model and
creating the increased lift. These flow visualization
photographs clearly illustrate the sensitivity of the
deflected exhaust flow to ground effects.
Wedge block effectiveness was further investi-
gated by varying the longitudinal position of the
wedge block on the afterbody of the configuration
(fig. 9). The 45 ° wedge block was used in this com-
parison, and the longitudinal aerodynamic data are
presented in figure 26. When compared with the
baseline configuration, the wedge block located in
the forward position produced a lift increase over
the range of h/b tested and an increment in nose-up
pitching moment out of ground effect as discussed
earlier.
When the 45 ° wedge block was located in the aft
position, an even larger lift increase both in and out
of ground effect was noted than was the case with
the wedge block in the forward position. In addition,
an increment in nose-down pitching moment was
produced presumably because of the resultant thrust
vector acting well aft of the moment reference center.
The 45 ° wedge block in the aft position was also
tested in combination with the afterbody fences (as
illustrated in fig. 9). The longitudinal data for this
configuration are also presented in figure 26. These
data show that when the afterbody fences are added,
the largest lift increase both in and out of ground
effect is produced. This, in turn, creates the largest
increment in nose-down pitching moment. Thus, the
afterbody fences are very effective in improving the
exhaust flow deflection generated by the wedge in the
aft location.
Not only are the wedge blocks effective in gen-
erating longitudinal control but the position of this
control surface and the use of afterbody fences can
further enhance this control capability.
Wings and Flaps
The final area of interest in this study included
the effects of adding a delta wing to the configuration
as well as the effects of flap deflections during both
power-on and power-off conditions.
In the first investigation a rather large 79 ° delta
wing was tested as illustrated in figure 6. Both
power-on and power-off ground effects data are pre-
sented in figure 27 to compare the baseline config-
uration and the 79 ° delta wing configuration. All
aerodynamic coefficients for the 79 ° delta wing con-
figuration were calculated using a 35-percent greater
reference area than that used for the baseline con-
figuration coefficients. Since thrust coefficient is
also a function of reference area, it would not be
appropriate to match that parameter when mak-
ing power-on comparisons between the two config-
urations. Instead, engine weight flow rate tb was
matched when comparing configurations. The weight
flow rate was set at 9 Ib/sec for all wing-on, power-
on conditions such that appropriate comparisons be-
tween the configurations could be made. (Recall that
_b = 9 lb/sec is equivalent to CT = 0.4 for the base-
line configuration.)
When comparing the longitudinal aerodynamic
data of figure 27 for the power-off, flow-through
(F.T.) condition, it is seen that an increase in lift
was generated as both the 79 ° delta wing configura-
tion and the baseline configuration were lowered into
ground effect. This increase in lift, however, occurred
more gradually as ground height was reduced for the
79 ° delta wing configuration.
When the configurations were tested for power-on
conditions out of ground effect, both demonstrated
lift losses when compared with the corresponding
power-off data. The presence of the delta wing
reduced power-on ground effects in that it reduced
the lift losses incurred as the baseline configuration
was lowered to h/b < 0.5. The additional lift
produced by adding a wing to the configuration
appears to be offset by the lift loss generated by the
power-on condition as the delta wing configuration is
lowered into ground effect. This illustrates how the
addition of this 79 ° delta wing to the configuration
acts to reduce the adverse power-on ground effects.
In the second investigation, a smaller 70 ° delta
wing, more representative of that found on a hyper-
sonic vehicle, was tested as identified in the sketch
in figure 8. In order to compare the power-on ef-
fects between the 79 ° delta wing and the smaller 70 °
delta wing, incremental lift coefficient data were ob-
tained. These data identify the change in lift coeffi-
cient produced by going from the power-off condition
to the power-on condition of _b = 9 lb/sec. These
data are presented as the configuration is lowered
into ground effect in figure 28. The data presented
for the 70 ° delta wing were obtained with the wing in
the forward position as illustrated in figure 8. These
data further emphasize that the power-on lift loss
9
is increasedaseachof theconfigurationsi lowered
intogroundeffect.Theconfigurationswith thedelta
wingsalonetendto havea slightlylargerpower-on





of apower-onlift lossin groundeffect.
Thefinalsetof datapresentedin figure28illus-
tratestheeffectsof addinganafterbodyflap to the
70° deltawingconfiguration.(Seefig.8.) Thesedata
showa completelyreversedtrendasapositiveincre-
mentin lift coefficientis identifiedboth in andout
of groundeffect. This incrementremainsrelatively
constantastheconfigurationis loweredintoground
effectwith only a slightreductionappearingat the
lowestgroundheight. Eventhoughthe afterbody




natedthe power-onlift lossesthat werepresenton
theconfigurationswithoutanafterbodyflap.
To further investigatethe effectsof longitudinal
wing position,the 70° delta wingwastestedwith
wing flapsdeflected30° in both a forwardand an
aft positionas illustratedin figure8. Longitudinal
aerodynamicdataarepresentedfor thesetwowing
positionsin figure29. Thesedataarepresentedat
= 12 ° as the configurations are lowered into ground
effect for both power-off and power-on conditions.
The afterbody flap was set at 0 ° for all cases, and the
longitudinal location of the moment reference center
was held fixed at 62 percent of the body length for
both wing positions.
When the unpowered conditions are compared,
a 30 ° wing flap deflection produces more lift with
the wing in the forward position than in the aft
position. Furthermore, a pronounced lift loss is
noted in ground effect for the aft wing configuration.
During powered conditions, however, slightly more
lift is produced by the aft wing configuration. This
is due to the wing flaps being located in a position
where the expanding exhaust flow is more likely to
add energy to the flow over the wing flaps.
As would be expected, the positive flap deflection
creates a larger nose-down pitching moment on the
aft wing configuration as compared with the forward
wing configuration for both power-on and power-off
conditions. An examination of the drag coefficient
data reveals that the position of the wing had little
10
effect on this component of the longitudinal data
during both power-off and power-on conditions.
To look more closely at the effects of flap deflec-
tions, configurations were tested in which the wing
flaps and afterbody flaps were all deflected both 30 °
and -30 ° . Longitudinal aerodynamic data are pre-
sented in figure 30(a) for these configurations with
the wing in the forward position for both power-off
and power-on conditions. In addition, incremental
lift coefficient data illustrating the effects of flap de-
flections and power-on conditions are presented in
figure 30(b). These incremental lift coefficients were
generated by subtracting out the power-off, flaps-
undeflected data.
For the -30 ° flap deflection and power-off condi-
tion, the expected lift loss and increase in positive
pitching moment when compared with the 0° flap
deflection are shown. The opposite trends result, as
expected, for the 30 ° flap deflections. However, dur-
ing these power-off conditions the lift increments cre-
ated by both positive and negative flap deflections are
slightly reduced as the configuration is lowered to the
minimum ground height as illustrated in figure 30(b).
When power is added to the configuration, the
lift and pitching-moment increments are increased
out of ground effect as compared with the power-off
case. However, as the configuration is lowered into
ground effect, these increments are further increased,
in contrast to the reduced increments seen for the
power-off condition. The increased magnitude of the
power-on lift increments in ground effect are also seen
in the incremental data presented in figure 30(b).
Thus, it is seen that the effects of flap deflections
are influenced by power and are sensitive to ground
effects.
A final set of data was obtained in which the after-
body flap was deflected 30 ° with the wing flaps held
fixed at 0 °. Longitudinal aerodynamic data for both
power-on and p0wer-off conditions are presented in
figure 31(a). Data for both the afterbody flap alone
deflected 30 ° and for all flaps deflected 30 ° are pre-
sented to provide insight into the independent effects
of the flap deflections. Furthermore, incremental lift
coefficient data illustrating the effects of the flap de-
flections and power-on conditions are presented in
figure 31(b). These incremental lift coefficients were
again generated by subtracting out the power-off,
flaps-undeflected data.
The longitudinal data of figure 31(a) reveal that
the power-on condition significantly increases the
lift and nose-down pitching moment created by the





afterbody flap is much more directly affected by the
exhaust flow than the wing flaps.
When comparing the incremental lift coefficient
data of figure 31(b), the difference between the wing-
flaps-deflected data and the wing-flaps-undeflected
data is the same for the power-on condition as it is
for the power-off condition out of ground effect. This
identifies the power-on condition as having very little
effect on the deflected wing flaps. It is also noted
that the power-on lift increment for the afterbody
flap alone deflected increases in ground effect, just as
it did for the configurations with all flaps deflected.
Summary of Results
The results of the investigations of a powered,
generic hypersonic configuration tested in and out of
ground effect in the NASA Langley 14- by 22-Foot
Subsonic Tunnel are summarized as follows:
1. Power-on lift losses in ground effect will be-
come greater with increasing thrust, but they will be
significantly reduced as angle of attack is increased
to the order of the afterbody ramp angle.
2. Spanwise flow on the undersurface of the fore-
body in the vicinity of the engine inlets is most ev-
ident at positive angles of attack in ground effect.
However, inlet fences can eliminate this spanwise
flow. In addition, a faired inlet will not accurately
simulate flowing inlet conditions in ground effect.
3. The use of afterbody fences produces increased
lift losses in ground effect with power on.
4. Afterbody wedge-block tests demonstrate that
an afterbody control surface can effectively deflect
the exhaust flow for longitudinal control; however
this technique is sensitive to ground effects.
5. The addition of a delta wing to the configura-
tion acts to reduce the power-on lift loss in ground
effect, whereas the addition of an afterbody flap gen-
erates a power-on lift increase. However, the effects
of both afterbody flap and wing flap deflections are
influenced by power and can be sensitive to ground
effects.




1. Gatlin, Gregory M.: Low-Speed, High-Lift Aerodynamic
Characteristics of Slender, Hypersonic Accelerator-Type
Configurations. NASA TP-2945, 1989.
2. Hahne, David E.; Riebe, Gregory D.; Riley, Donald R.;
and Pegg, Robert J.: Exploratory Wind-Tunnel Investi-
gation o] the Low-Speed Aerodynamic Characteristics of
a Conical Aerospace Plane Concept. NASA TP-2860,
1989.
3. Gatlin, Gregory M.: Low-Speed Aerodynamic Character-
istics of a Powered Nasp-Like Configuration in Ground
Effect. SAE Tech. Paper Set. 892312, Sept. 1989.
4. Gentry, Garl L., Jr.; Quinto, P. Frank; Gatlin, Gregory
M.; and Applin, Zachary T.: The Langley 14- by 22-Foot
Subsonic Tunnel: Description, Flow Characteristics, and




Bodyspan,b, in ........................ 24.00
Mean geometric chord of body, _, in ............... 91.10
Model pIanform reference area, S, ft2:
Baseline configuration .................... 15.183
Rectangular forebody configuration .............. 18.815
79 ° delta wing configuration ................. 20.433
70 ° delta wing configuration ................. 18.933
























































































Rectang. FB with inlet fences
Rectang. FB with inlet fences
Baseline; h/b = 0.08
Baseline; h/b = 0.08
Faired inlet; h/b = 0.08

















































Baseline; h/b = 0.08
AB fences on; h/b = 0.08
3-in. AB strip
30 ° AB wedge strip
14° AB wedge block
30 ° AB wedge block
45 ° AB wedge block
45 ° AB wedge block (AFT)









































79 ° delta wing on
79 ° delta wing on
70 ° delta wing (FWD) with rectang. FB
70 ° delta wing (FWD) with rectang. FB
70 ° delta wing (FWD) with
undeflected AB flap
70 ° delta wing (FWD) with
undeflected AB flap
70 ° delta wing (FWD);








































70 ° delta wing (FWD);
_F = 30°; _ABF = 0°
70 ° delta wing (AFT);
_F ----30°; _ABF = 0°
70 ° delta wing (AFT);
_F = 30°; _ABF : 0°
70 ° delta wing (FWD);
_F = --30°; _ABF = --30°
70 ° delta wing (FWD);
_F = --30°; _ABF = --30°
70 ° delta wing (FWD);
_F = 30°; _ABF ----30°
70 ° delta wing (FWD);
_F = 30°; _ABF = 30°
70 ° delta wing (FWD);
_F = 0°; _ABF = 30°
70 ° delta wing (FWD);

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































H/B CL CD CM
•0863 -.2015 .0858 .0294
•0792 -.1467 .0747 .0342
•0868 -.1091 .0634 .0415
•0866 -.0639 .0601 .0475
.0841 -.0170 .0550 .0571
•0865 .0566 .0613 .0676
•0832 .1840 ,0825 .0804
20



























0820 -.2041 .0033 .0254 4.99 -3.47 29.92
0849 -.1555 -.0110 .0295 4.95 -2.03 30.38
0861 -.1201 -.0103 .0367 4.98 .00 30.15
0851 -.0720 -.0195 .0448 4.97 2.08 30.15
0838 -.0379 -.0169 .0529 4.97 4.08 30.04
0852 .0557 -.0142 .0698 4.98 8.05 30.15
0844 .1749 .0015 .0852 4.99 12.10 29.92
RUN = 21





























































































































































































































































H/B CL CD CM CT
RUN = 26
1223 -.0505 .1259 .2086
0990 -.0535 .1267 .2079
0666 -.0577 .1249 .2054
0505 -.0699 .1190 .2081
0751 -.0803 .1047 .2065
0897 -.0842 .0948 .2040
1027 -.0913 .0915 .2036
0940 -.0870 .0874 .2020
1043 -.0919 .0879 .2015
0955 -.0881 .0854 .2016



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































//ql/ _ 1 - ] Ground_height
55.58//7_'__ 39.3 _ reference point
"- Engine simulators
Figure 1. Sketch of generic hypersonic ground effects model (baseline configuration). All linear dimensions
are given in inches.
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Figure 2. Installation of generic hypersonic ground effects model in the Langley 14- by 22-Foot Subsonic
Tunnel.
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30 ° Side view
Figure 3. Sketch of engine simulation system of generic hypersonic ground effects model.
dimensions are given in inches.
All linear
0.375-in. strip 1-in. strip
jJ
3-in. strip 30 ° wedge strip
Figure 4. Sketches illustrating size and position of exhaust flow deflectors.
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Figure7. Sketchof modelwith rectangularforebodyandinlet fences.All lineardimensionsaregivenin
inches.
112.89
Figure8. Sketchof 70° deltawingandflaplocations.All lineardimensionsaregivenin inches.
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i45 ° wedge block
L..._Forward position of
14°, 30 °, and 45 ° wedge blocks















Figure 10. Exhaust flow visualization on generic hypersonic ground effects model, ct = 12°; CT = 0.4;
h/b = 0.06; q_ = 30 psf.
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(a) Baseline. (b) Fences on.
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